The phenomenon of a "magical" physical force oc curring between mechanically disconnected objects has been recognized for more than 1000 years, but it was Con lomb who first defined and explained the force as "electri cal." The understanding of electricity and magnetism that followed constituted the most significant scientific advance of the 19th century. Inventors such as Edison and Westing house realized that electrical energy could be generated in one location, transmitted by wire to another, and then used to perform work in locations at great distances from the source. The result was a complete revolution in work and lifestyles. As uses for electricity increased, it soon be came clear that electrical forces can cause lethal tissue injury. The first human fatality from an industrial electrical accident apparently occurred in 1897 in Lyon, France.2 Electrical injury, which has become more common since the first reported fatality, continues to present problems in clinical managemenL In the United States approximately 4000 individuals sustain electrical injury annually.
Peripheral nerve and skeletal muscle are more vulner able to electrical injury than othcr tissues when exposed to similar field strengths. Most frequently, victims of electrical shock have at least one damaged extremity. The injury is often manifested by skeletal muscle in a rigor state sttr rounded by uninjured skin and may involve loss of neuro logic motor antI sensory fttnctions. Approximately 85% of victims who require hospitalization have persistent neuro logic symptoms that prevent their return to work. This neurologic injury pattern has been documented in many clinical reviews. A retrospective review of 64 electrical injury burn patients by Solem et al' showed complications involv ing central nervous system disorders in 13% of the patients: three patients had seizures, four were obtunded, antI one had quadriparesis and blindness. Peripheral neuropathies were noted in 13% of these cases. The median nerve was niost commonly affected five patients and only partial recovery was seen in peripheral nerve symptoms. Wilkinson et al,t in a review of 28 electrical burn patients admitted for care between 1973 and 1978, reported that eight patients 29% sustained peripheral nerve injury. Four of these patients had permanent injury. In addition, the extensive antI scattered skeletal muscle necrosis and peripheral nerve damage in many electrical shock victims is a primary reason for the high amputation rate in such persons.
In a 12-year retrospective review, Varghese et al' stud ied 85 patients admitted for burn care after an electrical accident. Thirty-four of these patients 40% had neuro logic sequelae with five cases 6% of spinal cord damage. In patients with neurologic sequelae, the onset of symptoms was delayed. Upper motor neuron findings were docu mented, bony cervical injury was excluded, and partial re coverv was observed in all cases. Grube and Heimbach' reported on electrical injtirv admissions between 1980 and 1986 in their review of 90 patients. 22 24% with lowvoltage electrical injury less than 380 V and 64 71% with high-voltage electrical injury. Of the 22 patients with exposure to low-voltage electric current, 11 were free of netirologic symptoms in both early and delayed periods of recovery. In the remaining low-voltage electrical bttrn patients, neurologic symptoms developed; these included seizures, weakness, decreased sensation, hemiparesis, and loss of consciousness. Symptoms completely resolved in 9 of these 11 patients, and symptoms improved in the other two. Of the 64 patients with documented high-voltage exposure, 21 were free of neurologic symptoms at the time of admission, althottgh four later developed tlvsesthe sias and shooting pains in amputated extremities. Loss of consciousness was reported in 29 of the 64 45% and good recovery occurred tinless the loss of conscious ness was associated with anoxia. About 33% of the highvoltage injury patients experienced acute peripheral neu ropathies; most of these resolved. Delayed peripheral neuropathies occurred in about 20% of the high-voltage injun' patients.
ELECTRIC FIELD INTERACTION WITH TISSUE
When an applied potential drop is established across the human body, mobile electrical charges will migrate and an electrical current is established. In contrast to metallic
The Burn/Electrical Trauma Center, Departments of Surgery and Psychiatry, University of Chicago, Clii cago, Illinois conductors in which the atoms are so large that otiter electrons are easily swept away, physiologic sail solutions provide salt ions as the predominant charge carriers. The movement of these salt ions transfers momentum to sur rounding nonionic water molecules, andI the average tem perature, which reflects the mean speed of the molecules, is increased. This mechanism of heating is referred to as Joule heating. Under thermally adiabatic conditions, it is characterized by a temperature rise that scales in time with the square of the current density. Under the typical indus trial electrical shock conditions, the rate of Joule heating far exceeds the combined heat-dissipating mechanisms of tissue blood flow and skin surface-to-air heat transport. Thus, heat is transferred to cell membranes and they are permeabilized.
During electrical shock, the victim forms a link in a closed electric circuit. The electrical current distribution across the tissues in the body depends on the electrical conductivity of the various tissues and variation in intensity of the electrical field. In the electrical injury victim, by Faraday's law, once current travels away from the contact points to the suhcutaneous tissues, it can be expected to distribute like a LaPlacian process7 and to distribute across the extremity tissues in such a way that the electric field strength is nearly constant in any cross-sectional plane per pendicular to the axis of the extremity.
Electric field strength is the product of the tissue con ductivity and the current density Ohm's law in continuous systems. Because of this, other factors such as variation in the area fraction of different tissues along the current path also influence the field strength.7 For example, when cur rent flows through a lower extremity, the electric field sti-ength is higher in the region of the knee and ankle than in the midcalf or midthigh, because the current density and the area fraction of hone and skin to muscle, which are highest near the joints, result in a decrease of the average conductivity over the cross-section.
Electric field strength refers to the spatial gradient of voltage that is, volts per unit length, and it is this gradient that is important to consider in electrical injury. When a field electrician of average height is in contact with a 20,000 V power line, the magnitude of the electric field produced is likely to be highly nonuniform, but roughly on the order of 10,000 V/rn. This is to he contrasted with a 110 V domes tic outlet contact in the mouth of a child, where the field produced is again approximately 10,000`/ni. Knowledge of the total voltage is useful in understanchng the circum stances of the injury; however, as just indicated, the local estimated electric field strength is more helpful for under standing the possibility of tissue destruction. Electrical shock simulations by computer suggest that, if perfect elec trical contacts are assumed, then the root mean square electric field strength in human upper extremity tissues ranges between 60 and 160 V/craY Because biologic molectiles and structures are electri call polar, electric fields can exert forces that can be de structive. The field strengths jttst mentioned are far too small to damage biologic materials directly. However, by indticing supraphysiologic transmembr-ane potentials in electrically large cells, they produce much larger fields in the cell membrane. A mammalian cell placed in a physio logic soltttion in which a uniform electric field has been established will distort the field so that most of the ions will he driven arotind the cell rather than through it. The 368 consequence is that current density in the cell is less than that surrounding the cell. Because the density of current through the cytoplasm is much less than that surrounding the cell, the voltage drop in the cytoplasm occurs at a slower rate than in the extracellular space, and the resultant voltage drop is greater outside the cell than in the cyto plasm from one erich of the cell to the other. The difference is macIc up by the voltage drop across the cell membrane, In general, this imposed transmembrane voltage drop scales with the size, or projection, of the cell in the direction of the field.
For a given applied field, the magnitude of the in duced transmembrane potential imposed by the field de pends on the cell size and orientation in the field. If the cell membrane were perfectly insulating, no current would enter the cell and the entire voltage drop would occur across the membrane. A 2 mm-long cell aligned parallel to a 100 V/cm field may experience a IOV transmembrane potential at the cell ends. However, because 10 V far ex ceeds the less than 1 V threshold for membrane poration, the membrane would essentially break down before it could be fully charged to 10 V.
SIGNIFICANCE OF CELL MEMBRANE DAMAGE
Permeabilization of the cell membrane is an im portant mechanism of skeletal muscle and nerve injury in electrical shock. The most basic function of the cell membrane is to provide a barrier to ionic transport. To appreciate this, consider that the kinetic energy ofa particle due to pure thermally driven "Brownian motion" is approxi mately equal to kT, where k is Boltzmann's constant and T is absolute temperature. The energy required to move solvated ions across a planar phospholipid bilayer in an aqueous environment approaches 100 kT,9 an indication of the membrane's strong impediment to passive ion diffu sion. Because the majority of the calories used by a mamma lian cell are ultimately invested in maintaining the ionic gradient across the cell membrane,°the importance of the structural integrity of the lipid bilayer is clear. When the membrane is permeahilized, mutual diffusion ofions across the membrane increases and adenosine triphosphate ATP-fueled protein ionic pumps cannot keep pace. Un der these circumstances, the metabolic energy of the cell is exhausted. The cell progresses to biochemical arrest and eventually to necrosis.
It is well established that the cell membrane is ex tremely vulnerable to physicochemical forces, such as su praphysiologic temperatures and strong electric fields' Even at supraphysiologic temperatures as low as 43°C, the kinetic energy of the molecules in the cell membrane can exceed the hydration energy barrier, which holds phospho lipids in the membrane as a supramolecular assembly.'2 In effect, the warmed membrane goes into solution in the surrounding water, rendering the membrane permeable to small ions. Electroporation ofskeletal muscle cells tinder clinically relevant field exposure is another form of cell damage that has been shown to proceed to tissue necrosis. This nonthermal damage also renders membranes perme able to small ions. In this review, electric field interactions with tissue, nonthermal mechanisms of cell membrane damage, and thermally driven membrane permeabihization will be examined in more detail in order to indicate the specific relevant injury kinetics of each membrane dam age process. 
MEMBRANE ELECTROPEIIMEABILIZATION
Electropermeabilization or electroporation is com monly used to produce cell membrane defects that permit passage of molecules as large as DNA into the cell Fig.  1 . Formation of stable electropores in mammalian adult skeletal muscle cell membranes large enough in diameter to permit the flow of monovalent ionic fluorescent probes frequently results when the transmembrane electrical po tential exceeds 500 to 800 m' for periods in excess of 500
This has become a standard technique to transfect cells that are resistant to viral and chemical methods of transfection. Electropores behave in one of two ways: they may seal spontaneously or they may be stabilized by integral membrane proteins and remain open indefinitely. If the pore spontaneously seals, electroporation is transient; if it does not, it is stable. Rupture of entire cells is probably the result of the fusion of many stable pores4 It has been experimentally demonstrated that the probability of elec troporation is determined by the magnitude of the imposed transmembrane potential and the duration for which it is imposed. '5 Mammalian skeletal muscle cells may reach several centimeters in length and have electrical space constants in the range of 1 to 5 mm. Therefore, even electric fields as small as 10 V/cm may electropermeabilize these cells.'6 Bhatt et al'5 have experimentally demonstrated the occur rence of electroporation of skeletal muscle cells within intact skeletal muscle. The probability of muscle cell dcc tropermeabilizatioii increased with the square of the elec trical field strength Fig. 2 . This membrane rupture was the direct result of the imposed transmembrane potential and was not spontaneously reversible. Striated muscle cells of human limbs are typically much larger than those of the rat. Thus, for the same applied electrical field, larger induced transmembrane potentials and a greater probabil ity of electroporation can be expected. Also, cells tightly surrounded by other cells that is, cells within intact mus cle are more vulnerable to damage by extracellular electric fields than isolated cells because the extracellular space provides a low-resistance current path.
There is considerably less quantitative information re garding electropermeabilization of nerve fibers. In an ap plied electrical field, the magnitude of the imposed trans membrane potential on a peripheral nerve axon is determined by its electrical space constant. The space con stant reflects the diameter and degree of myelination of the axon. The median nerve, for example, contains 1000 to 2000 axons of several different types. When electrically shocked, the fastest axons with the largest space constant should be damaged before the slower, unmyelinated axons. Thus, the pattern of injury in a peripheral nerve following electrical injury is likely not to be homogeneous.
It has been hypothesized that electrical shock may induce the greatest transmembrane potential among nerve fibers with the largest diameter and those with noninsulat ing membranes.'7 According to this concept, large, myelin ated nerve fibers are those most susceptible to electrical injury. Large nerve fibers are the fastest conducting, and because conduction properties of nerve fibers also affect how they are damaged by electrical shocks, it is important to consider separately the damage sustained by myelinated faster and unmyelinated slower fibers. Myelinated fi bers have a greater resistance than those unmyelinated.
Peripheral nerves are composed of axons that differ in size and electrical properties. The velocity ofa peripheral nerve action potential depends on the diameter of the nerve fiber and the presence of a myelin sheath. The axons within a nerve trunk, which vary in size and type, therefore have action potentials of varying amplitude and velocity. The compound action potential is an aggregate of the individual axonal action potentials. Damage to subsets of the axons in a peripheral nerve can change the amplitude and shape of the compound action potential. Electrical shock may selectively injure nerve fibers of specific sizes within each peripheral nerve. Because only a subset of the nerve fibers may be injured, a standard nerve conduction study of nerve function may not detect the abnormality. Thus, it is important to identify the presence and degree of peripheral nerve injury reliably through other means.
ELECTROCONFORMATIONAL CHANGES IN MEMBRANE PROTEINS
Approximately 40% of the cell membrane, by weight, consists of proteins functioning as ionic channels, trans porters, and signal receptors. In general, each peptide unit represents an electrical dipole moment of about 3.5 Debye D. In an a-helical structure, which is a major functional structure of voltage-gated Nat, IC, and Ca2 channel pro teins, many small peptide dipoles are aligned across a cell membrane to form large dipoles with an order of 120 D. These electrical dipoles are strongly affected by external electric fields. In addition, some charged elements are mow able and express as gating current during physiologic changes in the membrane potential. The logical question is, will exposure to supraphysiologic electric fields affect the function and structure of membrane proteins, particu larly the voltage-gated NaF and K' channels, in addition to causing electroporation of the lipid bilayer?
Recent results from our laboratory suggest that mem brane proteins are, indeed, damaged by imposed trans membrane potentials of the magnitude experienced by nerve and muscle in clinical electrical shock. We have ob served that both Na and K' channels may be damaged. Delayed rectifier IC channels are the most vulnerable of the channels we have studied to date. The field-induced reduction of channel conductance and the ionic selectivity 370 of the delayed rectifier K channels have been reported channels, the selectivity filter. In other words, the narrowest pore of the ion channel, with a diameter of a few angstroms, is the subgroup most sensitive to an external electric field. The real mechanism for the reduction of channel conduc tance and ionic selectivity is unknown, but one possibility may be the reorientation of the charged particles located at the narrowest pore, resttlting in an increase of interaction energy among the permient ions and the pore structure. Another possible mechanism is that supraphysiologic chan nel currents passing throtigh the selectivity filter induce local heating, which results in microdainage of the molecu lar subgroup near the selectivity filter of the channel proteins.
In summary, electrical shock may produce voltage gated ion channel dysfunction, which may be mediated by several molecular biophysical processes and may underlie some of the neurologic findings in shock victims.
THERMALLY DRIVEN MEMBRANE PERMEABIUZATION
Thermal burn results from tissue exposure to supra physiologic temperatures sufficient to denature macromol ecules, disrupt cell membranes, and produce other effects that are typically fatal to cells. The probability of heat injury to cells is governed by both the temperature and the dura tion of heat exposure?'The rate of heat damage to tissues is temperature dependent, a fact that was established more than 40 years ago;'°°however, the relative sensitivity of different cell structures to heat damage is not yet fully docuniented. Thermally-driven membrane permeabiliza tion and lysis take place at very modest supraphysiologic temperatures,`with a threshold value of approximately 43°C at a mean exposure time of 4 hours. At higher expo sure temperatures, the mean exposure time for lysis de creases and the resultant rate of increase in membrane permeabilization decreases.
It is generally appreciated that at temperatures above 45°C inactivation or denaturation of cellular proteins oc curs and that this results in cellular injury. However, the effects of temperature on the integrity of the plasma mem brane have been less well studied. The kinetics of erythro cyte lysis in vitro was investigated by Gershfeld and Muray ama," who exposed red blood cells to normal and elevated temperatures for periods up to 30 hours in vitro. For temperatures less than 37°C, no hemolysis was observed. For temperatures above 45°C, hemolysis rates were rapid and the cellular damage was grossly obvious. The authors calculated an activation energy of 335 kJ/mol, a value con sistent with protein denaturation or enzyme inactivation. For temperatures between 38°C and 45°C, the activation energy was much less than 121 kJ/mol.
Two different molecular mechanisms have been pos tulated to explain the different activation energies, which suggest that hemolysis occurring below 45°C takes place because the membrane lipid bilayer becomes unstable and begins to dissolve in the aqueous solution. Because mem brane lysis occttrs at temperatures below those usually re quired for protein unfolding, it was first postulated that thermally-induced phase changes in the cell membrane rendered the membrane less mechanically stable. In an independent laboratory, Karle26 showed that there was an increase in erythrocyte hemolysis and osmotic fragility even at temperatures between 37°C and 45°C.
A second possibility, noted by Cershfelcl ;uid Muray is that the structural integrity of the plasma memnbrane is more sensitive to supraphysiologic temperattires than are proteins. This suggestion is consistent with the idea that disruption of the lipid bilayer must overcome only the forces of hydration of the fatty acids Fig. 4 . There are no strong chemical bonds anchoring phospholipids in the bilayer. By comparison, the process of protein denaturanon must alter multiple bonds, including some of the stronger bonds between segments of macromolecules. Thus, it is not suprising that the plasma membrane is one of the most temperature-vulnerable structures of the cell.
In the effort to understand the process of thermal injury at the cellular level, several investigators have focused on the thermo-tolerance of isolated cells in suspension. Lloyd et al, 27 Moussa et al,'2 and demonstrated that the membrane injury dynamics of 1-LeLa cells and eryth roci-tes at supraphysiologic temperatures resemble a firstorder binary chemical reaction as described by the Arrhen ius equation. The protocol in the first study of Moussa et aP! consisted of exposing suspensions of fibroblasrs to supraphysiologic temperatures and then following the time course of viability. Cellular injury was presumed to occur when a bubble first appeared on the cell membrane.
Rocchio24 exposed isolated rat skeletal muscle cells to elevated temperatures and measured the cell membrane permeability to an approximately 400 Pa anionic fluores cent dye. In this study, the temperature of each cell was raised very quickly to a specific elevated temperature and was then maintained at a constant level while the cell was monitored for fluorescent activity. As cell membranes be came unstable at supraphysiologic temperatures, dye leaked from the cells. The duration of exposure to damag ing temperatures required to cause a 5% reduction of cell fluorescence was used to calculate the activation energy and reaction rate constant so that results could be com pared with those of Moussa et al,' Henriques,29 and others Table I . Remarkably, these cellular studies are in close agreement with the much earlier clinical skin-scald burn study of 1-lenriques and Moritz.2'
The data collectively suggest that the reaction kinetics leading to thermal injury obey a simple, first-order binary chemical reaction as described by the Arrhenius ex pression:
where E is the activation energy in this single-barrier model, A is the reaction rate as T-' , R is the universal gas con stant, and T is the temperature-time history of the ex posed cells; a is the rate of thermal damage accumulation. The rate at which the reaction proceeds is dependent on the fraction of reactants that have at least a critical energy E. The accumulation of injury can be determined by integrating the above equation over the time course of exposure to elevated temperatures; this is described by the parameter, li. The time required to produce a measurable change corresponding to fl = 1 is entirely dependent on the parameter of observation that is chosen.
The significance of the injury parameter, fl, when applied to an ensemble of cells or to a tissue can be appreci ated by examining the simplest kinetic model. If it is as sumed that cells in state Xexposed to damaging tempera-371 43°C 4, Figure 4 . Conceptual view of ther mally-driven membrane permeabiliza tion. Elevated temperatures cause membrane lipids to dissolve into sur rounding water and also lead to confor mational changes in membrane pro teins. These structural alterations result in increased molecular permeability. If we set the initial condition X0 to be where X0 indi cates that all tissue is healthy, then Xi is the fraction of tissue heat-damaged at time t, For constant temperature, the following is the solution for 110:
This is the simplest kinetic model for constant supraphysio logic exposure describing the ratio of surviving cells in a heated population as a function of time. When Ii = I for a tissue, approximately 37% of cells satisl the damage criteria. To apply this to electrical injury, the tissue tempera ture history is used along with the Arrhenius constants to gain an estimate of the extent of heat damage suffered by a volume of shocked tissue.
In practice, this model is used by assigning a measur able significance to 11 1. For example, Henriques2°de fined it as the appearance of second-degree burn, Moussa et aP' defined it as the appearance of the first bleb on the cell membrane of flbroblasts, and Cravalho et aP defined Il I as the time at which 5% of a dye has leaked from 372 the cell membrane of rat skeletal muscle cell.
CONCLUSIONS
Damage to cells caused by electrical shock has many mechanisms. The relative contributions of these different mechanisms depend in pan on the duration of current flow. If the contact time is brief, nonthermal electrical breakdown mechanisms of cell damage are most important. When contact time is longer, thermal damage predomi nates Fig. 5 . However, we now know that significant tissue injury can occur, under many circumstances, even when the duration of a shock is not long enough to allow for thermal damage. Additionally, the localization and charac teristics of cell damage are not always consistent with simple thermal effects. A nonthermal mechanism of tissue dam age, electroporation of cells in tissue, can result from elec trical shock. Electroporation involves the formation of elec trically induced structures in the membrane that are significantly more permeable to ions and other molecules than the normal membrane. Severe electroporation leads rapidly to cell lysis as the contents of the cell spill into the extracellular matrix. Even less severely porated cells must work harder and use more ATP to maintain membrane ion gradients essential for life. If left unchecked, this pro cess will inexorably lead to cell death by energy starvation. Recent studies have shown that therapeutic intervention is possible by introducing molecules that seal the cell mem brane, allowing time for normal cell repair processes.
Electroconformational damage to membrane proteins Id t heat tI'bfl1è 37°C Normal Tkerm olysis Figure 5 . Nerve cells are particularly vulnerable to electric shock because of their large size, membrane electrical properties and synaptic interconnections. The primary mechanisms of damage due to electric field exposure are electroporation, thermal damage, and electroconformational changes.
was discussed as a second npnthermal biophysical mecha nism of membrane damage in electrical shock. dany mem brane proteins undergo conformational changes that in volve movement of charge. When an intense electrical field is imposed across a membrane, the protein can be "stretched" beyond the normal con figuration. This stretch ing may result in electrical denattiration and is somewhat different from thermal denaturation, which usually involves the loss of structural integrity of protein. We have seen in vitro that this process of protein electroconfomrntional change can be reversed under the right conditions.
